The adsorption of soluble P by surface soil and suspended sediment material during transport in surface runoff under field and simulated laborato ry conditions was investigated. The soluble P concentration of surface runoff from several Southern Plains cropped and grassed watersheds decreased with an increase in sediment concentration. A linear inverse relationship between soluble P and sediment concentration was significant over a wide range in sediment concentration. The slope values of the relationship were similar for different watersheds on the same major soil type. Using soil from these watersheds in simulated surface runoff, sorption of soluble P added in rainfall was found to occur during transport. The magnitude of this sorption was more closely related to the sorptive capacity of the sediment in the surface runoff than to that of the surface soil material. The results suggest that for unfertilized watersheds and for watersheds where fertilizer P is incorporated into the surface soil, away from the zone of immediate removal in surface runoff, the leaching of P from the vegetative cover can contribute significant amounts of soluble P to runoff, and that soil material may act as a P sink rather than a P source.
The importance of phosphorus (P) in increasing the rate of biomass production in surface waters from agricultural watersheds is well recognized (Keup, 1968; Ryden et al., 1973; Viets, 1975) . Because of the appreciably greater availability of soluble P than sediment-P to aquatic organisms Porter, 1975) , transformations between soluble and sediment-bound P during transport in runoff are important in determining the short-term potential of runoff for increasing algal growth.
Leaching of plant material by rainfall, dissolution of fertilizer material, and desorption of soil P by runoff water can contribute substantial amounts of P to runoff water Schuman et al., 1973; Romkens and Nelson, 1974) . However, Burwell et al. (1974) suggested that part of the P released to runoff can be readsorbed by soil material during transport. Furthermore, several studies have attributed observed decreases in the soluble P concentration of stream water, during movement from agricultural watersheds, to sorption by suspended sediment and exposed stream bank material (Wang and Evans, 1970; Taylor and Kunishi, 1971 ; Sharpley and Syers, 1979 to sorb P during runoff (Schuman et al., 1976; Menzel, 1980; Sharpley, 1980) , enhances sorption of P during transport. Little information is available, however, on the extent and rate to which sorption occurs under field or laboratory conditions. This paper reports on an investigation of the relationship between soluble P and suspended sediment concentrations in runoff from several Southern Plains cropped and grassed watersheds and the sorption of P by soil material from the watersheds.
EXPERIMENTAL PROCEDURE

Watershed Description
Characteristics of the four cropped and seven grassed watersheds used in the study are presented in Table 1 . Boundaries of the cropped watersheds were defined by man-made berms, and those of the grassed watersheds by ridges and natural boundaries. The continuously grazed watersheds, R-7 and R-8, were overgrazed, which produced poor vegetative ground cover and allowed active gullying. Similarly, the grassed watershed, W-2, was actively eroding from a large gulley. The amounts of fertilizer P applied to the watersheds are presented in Table 1 .
Field Measurement and Sampling
Runoff from the watersheds was measured with precalibrated, concrete V-notch weirs equipped with FW-1 water stage recorders. Automatic pumping samplers (Miller et al., 1969) collected from 5 to 15 samples during each runoff event. The samples were composited in proportion to the total flow for a given event, to provide a single representative sample of liquid and sediment for chemical analysis for each runoff event and watershed. All samples were refrigerated at 0-4°C until analyzed.
Surface soil samples were collected to a 10-cm depth at 8 locations in each watershed and composited following air-drying and sieving (<4 mm). t Rotation grazing. Continuous grazing. § 60% bermudagrass pasture and 40% a 3-year rotation of cotton, oats, and sorghum. ¶ Fertilizer P was broadcast, at a rate of 80 kg P/ha for grass, 45 kg P/ha for sorghum and cotton, and 30 kg P/ha for oats, in mid-May each year. When cropped, the watershed was disked to incorporate the P. 
Laboratory Analyses
SIMULATED RUNOFF
Houston Black and Woodward soil was packed in duplicate 100-by 30-by 7-cm boxes (having perforated bottoms facilitating free drainage) to a bulk density similar to that under the field condition and slowly wetted with distilled water by a drip system. A period of 3 days after wetting was allowed before application of rain. The slope of the soil surface was 4 07o. Phosphorus amendments [as a solution of Ca(H 2 P0)2 .2H2O] of 0 and 95 zg P/g soil, to a 4-cm soil depth, equivalent to surface applications of 0 and 50 kg/ha, respectively, were made. Rainfall was applied with a laboratory drip-tube type rain simulator (Munn and Huntington, 1976) at an intensity of 6 cm/hour (an approximate 2-year frequency in Oklahoma and northern Texas for a 30-min storm), for three successive 30-min periods, at 1-day intervals. Surface runoff samples (50 ml) for the determination of soluble P concentration were collected at the initiation of runoff for each event and subsequently once every 5 mm. Sample analysis was begun within 10 min of collection, by centrifugation (15,000 rpm) to facilitate Millipore filtration (<0.45 /Lm).
CHEMICAL ANALYSES
The chemical properties of the major soil type in each watershed are summarized in Table 2 . The particle size distribution of the soils used and suspended sediment transported in individual runoff events was determined by pipet analysis (Day, 1965) , following dispersion of the samples with sodium hexametaphosphate. Undispersed samples were analyzed after shaking with water on an end-over-end shaker for 15 mm. We suggest that the latter method of sample preparation more closely simulates particle breakdown during transport in runoff. Soil pH was measured with a glass electrode using a 2.5:1, water/soil ratio (weight/weight in all cases). Organic matter content was determined by loss in weight after ignition following acid treatment (Broadbent, 1965) , CaCo 3 equivalent by treatment with dilute acid and titration (Allison and Moodie, 1965) , and total P by perchloric acid digestion (Sommers and Nelson, 1972) . Water-extractable P was determined as that extracted at a water/soil ratio of 100:1 in 1 hour.
The sorption of P by surface soil was investigated by shaking l-g samples with 40 ml of distilled water containing various amounts of inorganic P. The soil samples were shaken on an end-over-end shaker at 25°C for 40 hours. Phosphorus sorption by suspended sediment transported in surface runoff from the boxes was similarly investigated. A composited sample of suspended sediment from untreated Houston Black and Woodward soils, was concentrated into a slurry by centrifugation and decantation. A certain volume of slurry containing I g of suspended sediment was pipetted into 50-ml tubes for P sorption analysis.
The concentration of soluble P was determined on filtered samples by the method of Murphy and Riley (1962) . Sediment concentration of runoff was determined as the difference in weights of 250-ml aliquots of unfiltered and filtered samples after evaporation to dryness.
RESULTS AND DISCUSSION
The fluctuations in sediment and soluble P concentrations in surface runoff are illustrated in Fig. la , using data from watershed R-5. Similar fluctuations were ob- served for the other watersheds and are, thus, not presented. It is apparent that as the concentration of suspended sediment in runoff increases, the concentration of soluble P decreases. When soluble P concentration is plotted against the logarithm of sediment concentration, the data presented in Fig. la are represented by a single straight line (Fig. lb) . The slope and intercept values and correlation coefficients of the regression, soluble P concentration, and logarithm sediment concentration for the 11 watersheds are given in Table 3 . in all cases, the relationships, which existed over a wide range of sediment concentrations, were significant at the 1.0% level. Regression slopes for watersheds on the same major soil type were not significantly different (at the 5.00 7o level, Table 3 ). For example, nearly identical slope values of 0.219 and 0.227 were obtained for watersheds C-S and C-6, respectively. Slope values differed, however, among watersheds at different locations (Table 3 ). An increase in slope of the relationship between soluble P and the logarithm of sediment concentration results from an increased sorption of soluble P during transport in surface runoff. Consequently, sorption of soluble P by soil material during transport from the watersheds increased in the following order: watersheds C, W, R, and Y. As was the case for slope, intercept values of the regression soluble P and logarithm sediment concentration were similar for watersheds at the same location. The intercept values represent the initial soluble P concentration of surface runoff before contact with suspended sediment. As logarithmic values of sediment concentration are used, the intercept values are actually at a sediment concentration of 1 mg/liter. We suggest that for the present watersheds, the initial source of soluble P in surface runoff results from the leaching of P from plant material by rainfall and runoff water. In the watersheds receiving fertilizer P, the dissolution of fertilizer material acted as an additional P source. Fertilizer P can also indirectly contribute to an increase in soluble P concentrations, as a consequence of an increase in amounts of P leached from plant material with increasing fertilizer P applications . Use of field data for comparison among watersheds of the capacity of soil material to sorb P during transport in surface runoff is difficult because leaching of P from plant material is not uniform at various locations. Consequently, we investigated this ability under more controlled simulated runoff conditions, where P leached from the vegetative cover was represented by added P in the rainfall. The soluble P concentration of rainfall used (0.240 mg/liter), approximated to an average value of initial P input for R, W, and Y watersheds (intercept values, Table 3 ). Only Houston Black and Woodward soils were used in this part of the study, because they had differing physical and chemical properties ( Table  2 ). The concentration of soluble P of surface runoff was found to gradually decrease during a 30-min rainfall (6 cm/hour intensity) on untreated Houston Black and Woodward soil, both in the presence and adsence of P in the rain (data not shown). Similar trends were observed for Houston Black and Woodward soil amended with 95 jig P/g soil, although the concentration of soluble P maintained in surface runoff was greater than that for untreated soil. The concentration of soluble P in surface runoff was higher with P in the rainfall, as compared with no P in the rainfall, for both soils and P amendments. This increase in concentration, however, was not as great as the soluble P concentration added in rainfall. Consequently, sorption of P during transport in surface runoff occurred. The sorption of P from rainfall by soil material was determined as the difference between the concentration of P added in rainfall and that transported in surface runoff. The soluble P from rainfall, transported in surface runoff, was represented by the difference between surface runoff concentrations with and without P in the rain. It is expected, however, that the release of P from surface soil to runoff will be suppressed by the addition of P to rain, consequently this method underestimates the amount of P sorbed by soil material. The amount of P sorbed is, therefore, referred to as apparent P sorption.
The apparent sorption of P by soil material during transport in surface runoff from Houston Black and Woodward soil amended with 0 and 95 Ag P/g soil is presented in Fig. 2 for three successive 30-min runoff events. Apparent P sorption decreased gradually during a runoff event, with sorption being consistently greater for untreated.soil than for soil amended with 95 j ug P/g soil (Fig. 2) . At both soil P amendments, however, P sorption was greater for Woodward than for Houston Black soil. Although during the initial stages of surface runoff, apparent P sorption decreased with successive runoff events, values at the end of the 30-min runoff were remarkably similar for each event (Fig. 2) . The apparent P sorption values at the end of the runoff averaged for the five events, was 0.070 and 0.095 mg/liter, for untreated Houston Black and Woodward soil, respectively, and 0.039 and 0.054 mg/liter, for soil amended with 95 j ug P/g. The increased sorption by Woodward as compared with Houston Black soil is in agreement with field data, where a greater slope of the regression between soluble P and logarithm sediment concentration was obtained for Woodward soil (Table  3 ). The decrease in apparent P sorption by soil material during a surface-runoff event (Fig. 2) may have resulted from a decrease in the proportion of clay-sized material transported during an event. In addition, when a solution of P was added as simulated rain, some of the P may have moved into the soil by infiltration and been adsorbed. As surface soil was removed by runoff, soil that had had a brief exposure to solution P was exposed.
In this newly exposed soil, part of the potential sorption capacity had already been satisfied. The difference in apparent P sorption by Houston Black and Woodward soils, in both the laboratory and field studies, cannot be explained by the relative capacities of surface soil material to sorb P (Fig. 3) . This is indicated by the lower sorption of P by Woodward compared to Houston Black soil. The higher sorption capacity of suspended sediment transported in simulated surface runoff from untreated Woodward, compared to Houston Black soil (Fig. 3) , however, is consistent with both field (Table 3 ) and laboratory data (Fig. 2) . The results indicated that sorption of soluble P during transport in surface runoff was occurring mainly by suspended sediment and not by the surface soil over which runoff water passes. This would be expected to be the case for R and W watersheds, where plant cover minimized the contact between surface soil and runoff, but it was also true for bare soil (Fig. 2) .
The higher sorption capacity of suspended sediment than of surface soil (Fig. 3) , can be attributed to the preferential transport of finer sized particles in surface runoff (Stoltenberg and White, 1953; Schuman et al., 1976; Sharpley, 1980) . The greater sorption capacity of suspended sediment from Woodward soil than that from Houston Black soil, when the opposite was true for surface soil material, may have resulted from the greater degree of aggregation in the latter soil (Table 1) . This is substantiated by the fact that the proportion of undispersed clay material transported in surface runoff from Woodward soil (24.5%), was greater than that from Houston Black soil (12.9%). When dispersed, the proportion of clay-sized material in the suspended sedi- ment was 78.9 and 73.6% for Houston Black and Woodward soils, respectively. The sorption of P by the surface soil and suspended sediment, represented in Fig.  3 , are equilibrium values after 40-hour contact time. In the field situation, however, the contact between soil material and runoff water is generally much shorter. The sorption of P by surface soil and suspended sediment samples of Houston Black and Woodward soils, as a function of contact time at a water/soil ratio of 40:1, is presented in Fig. 4 . The initial soluble P concentration (0.25 mg/liter) is equivalent to that in runoff before contact with soil material (intercept values, Table  3 ). Figure 4 shows that P sorption is initially rapid and that the difference between Houston Black and Woodward soil at equilibrium (Fig. 3) is also evident after shorter periods of contact. In fact, 40.2 and 26.9 076 of the P sorbed at equilibrium (40 hours) for Houston Black and Woodward soils, respectively, had occurred after a 30-min contact. For suspended sediment material, a more rapid sorption occurred initially and after 30 mm, 48.1 and 57.6% of the equilibrium P sorption had taken place for Houston Black and Woodward soil, respectively (Fig. 4) . Consequently, even with the short contact time between suspended sediment and runoff water during transport from the watershed, sorption of P can occur.
CONCLUSIONS
A linear inverse relationship between soluble P concentration and logarithm of sediment concentration of runoff from several cropped and grassed watersheds was observed. This relationship existed over a wide range of sediment concentrations, and regression slope values were similar for different watersheds on the same soil type. The difference in slope values between watersheds on differing soil types can be explained by the P sorption capacities of the suspended particulate material in runoff from the soils. A similar decrease in soluble P concentration in runoff with increasing sediment con- centration has also been observed by Burwell et al. (1975) and Nielson and Mackenzie (1977) . We have shown the importance of P sorption during transport in runoff, which emphasizes the need to consider the extent to which sorption may occur during runoff from watersheds in modelling P movement. The resuits suggest that for cropped and grassed watersheds, where P may be leached from the plant cover, surface soil material should be considered as a P sink rather than a P source.
